ABSTRACT. Growth parameters (L∞, K, and t0) and natural mortality of the Patagonian sprat (Sprattus fuegensis) Chiloé inland sea were estimated. This area corresponds to the northern limit of the species distribution in the South Pacific Ocean. A total of 1,584 otolith were analyzed between July 2005 and December 2006. A covariance analysis ruled out significant differences (P = 0.654) in the otolith size-fish length relationship between males and females. The otoliths showed high monthly proportion of hyaline edge type in ; and t0 = -0.46 yr, while the maximum observed age was 6 years. Natural mortality given growth parameters and species maturity, was estimated at 1.0 yr -1 . The modal decomposition of monthly length distribution, analyzed by a statistical-numerical algorithm (MIX approach) gave similar results to those obtained from otolith readings. Keyword: Sprattus fuegensis, otolith, growth, mortality, distribution, Chiloé inland sea, southern Chile.
INTRODUCTION
The Patagonian sprat (Sprattus fuegensis) is a small pelagic clupeid with a similar spatial distribution in both the South Pacific and Atlantic Ocean. Nakamura (1986) and Whitehead (1989) describe their occurrence along the Argentinean coast from 40ºS to the southern tip of the continent and around the Falkland Islands. In Chile, this species occurs from far south in the fjords and channels to approximately 42ºS in the inland sea (Radl & Culik, 1999; Aranis et al., 2007; Bustos et al., 2008; Leal et al., 2011) . According to Galleguillos et al. (2012) , at the population level in Chile, S. fuegensis encompasses a single genetic stock with significant reproductive cohesion. Nevertheless, this study also identifies at least two ecological stocks, based on differences in life history traits, otolith shape, parasitic fauna and the size of individuals, which is indicative of spatial segregation. These authors also reported an important level of mixing between individuals occurring in Chiloe inland sea (41º90'S-43º50'S) and those inhabiting the southernmost areas.
In the last five years, the Patagonian sprat has become the main clupeid species of the pelagic fisheries caught in the inland sea of Chiloe Island. Since 2008, the catch in this area has been regulated through an annual TAC, and since 2009, the Fisheries Development Institute of Chile (IFOP) has performed annual stock assessments and has estimated annual allowable catches through a size-structured model. This approach, in combination with additional fisheries information, requires reliable estimates of certain aspects related to the reproduction, growth and natural mortality of this species. Regarding reproduction, Leal et al. (2011) indicated that S. fuegensis is a partial spanner, with a reproductive season mainly restricted to spring (September-December) in the inland sea area off Chiloé. This confirms what was previously reported by Shirakova (1978) for this species in Argentinean waters.
Information on the growth patterns of this species is restricted to a few studies conducted in the Atlantic Ocean. Gru & Cousseau (1982) reported significant differences in the growth parameters of S. fuegensis between a population occurring in Santa Cruz Province and those northward of the Falkland Islands. Hanssen (1999) found higher growth rates than previous estimates in the coastal zone and levels of natural mortality (M) between 0.59 and 0.9 yr -1 , depending on the method used for estimation.
Currently, there are no published studies in Chile that have addressed the growth and natural mortality patterns of this species, except for a technical report, which showed preliminarily information on growth parameters that are currently used in the stock assessment (Aranis et al., 2006) . Hence, there is an immediate need to know the life history traits of this species to advice in fishery regulation measure. Therefore, this study aimed to determine the age, growth parameters and natural mortality of S. fuegensis in Chiloé inland sea, southern Chile.
MATERIALS AND METHODS
The study area encompassed the Chiloé inland sea, southern Chile (41º90'-43º50'S) (Fig. 1 ). Samples were taken at random from landings of the purse-seine fishery, which often includes common sardine Strangomera bentincki (Norman, 1936) , anchovy Engraulis ringens (Jenyns, 1842) and Patagonian sprat. In the laboratory, the biological sampling consisted of recording the total length (TL), total weight (TW), and sex for each fish. Furthermore, sagitta otoliths were extracted and stored dried in cardboard dispensers, which were carefully labeled to ensure traceability.
Age and growth
A total of 1,584 pairs of otoliths were analyzed, which corresponded to 737 males and 847 females, obtained monthly between July 2005 and December 2006. The age determination was conducted in the entire left otolith, which was immersed in liquid petrolatum (liquid lightener) and observed with reflected light under a stereoscopic microscope at 20x magnification. In addition to age, the otolith diameter (Do) and diameter-at-age (Da) in millimeters were recorded along with the edge type (i.e., opaque (O) or hyaline (H)). The periodicity of the annuli formation was determined by analyzing a monthly percentage distribution of hyaline rings present in the otolith edge type (Lai et al., 1996) . To measure the accuracy of the age determination, a second reading was performed by another independent reader (i.e., reproducibility analysis). Both readings were performed by the analyst without knowing the biological data of the fish (length, weight, sex and month of capture). The reproducibility of growth ring counting was evaluated through the average percentage error (APE) (Beamish & Fournier, 1981) and the coefficient of variation (CV) (Chang, 1982) . These indicators were supplemented with the use of a graphical method using the average age estimated by a reader irrespective of the pattern reader (Campana et al., 1995; Campana, 2001) .
The growth parameters were estimated by fitting the length-age data at capture through the von Bertalanffy growth curve (VB; Von Bertalanffy, 1938) :
where: Lt = average total length at age t, L = asymptotic length, K = growth coefficient and t0 = hypothetical age at zero length. The growth parameters were estimated using the Gauss-Newton algorithm and the nonlinear module of SYSTAT 7.0. A modal progression analysis was also performed to contrast with growth parameters derived from the VB model. For this purpose, the length distributions of individuals collected in 2006 were used. A total of 19,912 specimens were analyzed, whose length frequency distribution were adjusted by maximum likelihood through the mixture distribution models (MIX models) (MacDonald & Green 1988) using the algorithms of MacDonald & Pitcher (1979) . The distributional sample, whose observable shape is a frequency histogram, is represented by:
where g(l) is a function of overall probability l, pi is the proportion of the total number of individuals that are represented in the distribution i, fi (l) is a function of the probability density function of the length l shown in the distribution i and k is the number of mixing functions.
Natural mortality
The rate of natural mortality (M) was calculated from empirical models using the growth parameters (t0, K, and L∞) and maturity (Lm50) of this species. The growth parameters corresponded to those estimated in the present study, while the length at maturity corresponded to those reported by Leal et al. (2011) . The average of the following four methods was finally assumed as the value of M. Hoenig (1983) relates the rate of total mortality (Z) and the maximum observed age (tmax). When assuming Z is equal to M, the equation has the form:
The maximum age (tmax) is estimated on the assumption that this is achieved when the fish reach 95% of the asymptotic length (Pauly, 1980) , where: Efanov (1976) relate the rate of natural mortality (M) with the average age of maturity (Tm50%) using the expression:
where Tm50% was calculated using the size at 50% of mature females, estimated by Leal et al. (2011) as follows: Hewitt & Hoenig (2005) suggest that the rate of natural mortality (M) can be estimated by:
Finally, the method developed by Pauly (1980) 
It is important to note that the annual average temperature in southern sardine habitat was assumed to be 11ºC.
RESULTS
Overall, 734 males and 850 females were analyzed, with lengths ranging between 9.5 and 18.5 cm TL and a mean of 14.6 cm (standard error = 0.055).
There was a significant linear relationship (P < 0.01) between the diameter of the otolith (Do) and the total length for each sex and for when the data were combined. The functions were: TL= 0.283 Do + 2.517 r 2 = 0.86 for males TL= 0.286 Do + 2.403 r 2 = 0.86 for females TL= 0.284 Do + 2.459 r 2 = 0.86 for combined data
The analysis of covariance did not show significant differences between the otolith size and the fish size relationship between sexes (P = 0.654); hence, the data processing was performed by combining the information for males and females.
Patagonian sprat otoliths resembled those described by the common sardine, especially in the juvenile stage; however, adult fish Patagonian sprat differed from S. bentincki in the occurrence of lobes or ridges in the otolith contour, which appeared in higher proportion to the lower or ventral edge. Additionally, a distinctive feature was the occurrence of clear or translucent growth bands in both juveniles and adults. The hyaline rings appeared marked and well-defined throughout the otolith, which facilitated the reading of the otoliths (Fig. 2) .
The accuracy was high for the age determination through counting otolith rings from two independent readers. Both the APE and the CV showed low values, 1.8% and 2.6%, respectively. The graphical age analysis indicated an absence of bias in readings, even reaching a 100% match in identifying the first annuli.
A high proportion of otoliths showed a monthly occurrence of hyaline edges in August 2005 and from July to October 2006, with proportions higher than 0.8, while between September 2005 and May 2006, a lower proportion was found. Although, in March 2006, this proportion increased slightly, and the overall trend suggests the formation of a hyaline band per year, which would be formed in the otolith between late winter and early spring (Fig. 3) .
The growth fit through the von Bertalanffy equation using the nonlinear procedure resulted in the following parameters and their respective standard errors: L = 17.71 ± 0.233 cm; K = 0.78 ± 0.07 yr -1 ; and t0 = -0.46 ± 0.102 yr, while the maximum observed age from the otolith reading was 6 years (Fig. 4) . The growth parameters obtained from the age-atcapture were compared with estimates obtained by modal progression analysis of the monthly size distributions. The identified modes through the MIX algorithm were used to construct age-at-length pairs, which were similar to those obtained from otolith readings. Thus, three major trends were identified, corresponding to 11.6, 15.2 and 17.1 cm TL (Table 1, Fig. 5 ). The growth parameters derived from average size by cohort and fitted through the VB model were L = 18.7 cm; K = 0.70 yr -1 ; and t0 = -0.36 yr. The average sizes estimated by the VB equation from modal progression analysis were similar to those obtained from the otolith readings for the first three ages (Table  1) .
The natural mortality was 1.0 yr -1 after averaging the results of the four methods used for estimation. The highest estimation was obtained by the approximation of Pauly (1980) , 1.1 yr -1 , and the lowest one by the method of Rikhter & Efanov (1976) , 0.94 yr -1 (Table 2) . Pauly (1980) 1.1 Hoening (1983) 1.0 Hewitt & Hoenig (2005) 0.98
DISCUSSION
The ANCOVA analisys discarded the existence of a significant relationship between the total length and the diameter of the otolith between males and females, which led to a combined analysis. A similar finding has been reported for other small pelagic resources, such as common sardine and anchovy (Barría et al., 1999) .
The annuli (i.e., macro-rings formed at an annual periodicity) appeared sharp and well defined, with little presence of false rings. Such a distinctive feature facilitated the identification, measurement and counting of hyaline rings. This finding was further supported by the existence of a high precision in age determination, with estimates of error that did not exceed 3% (APE = 1.8% and CV = 2.6%). Through a literature review, Campana (2001) indicated that in many studies, the estimation of CV has been less than 7.6%, corresponding to an APE of 5.5%. The same author stated that a CV of 5% is an acceptable standard reference for many fish with a moderate longevity (5-10 years old).
In the analysis of periodicity and in the formation of annuli, the high monthly proportion of the hyaline-edge type was formed between June and December 2006, with maximum values between July and October (>80%). Conversely, a high occurrence of opaque growth occurred between January and May. This would Hansen (1999) be indicative of the formation of an annulus per year, where the hyaline band would be formed from midwinter to spring, coinciding with the spawning season, which occurs between September and December of each year (Leal et al., 2011) . Such a finding suggests a potential relationship between the formation of this band and energy partitioning from growth to the formation of gametes (Cubillos & Arancibia, 1993) . These results agree with those found by López-Veiga (1979) in a species of the same genus (Sprattus sprattus) in the waters of Galicia, Spain. It is important to note that Sprattus fuegensis of southern Atlantic Hansen (1999) and Gru & Cousseau (1982) did not determine the frequency of the formation of growth rings because the sampling period was less than a year. The growth parameters of Patagonian sprat obtained from the present study resembled those obtained by Gru & Cousseau (1982) for the Santa Cruz coast in Argentina and the Falkland Islands, particularly in the growth coefficient (K) ( Table 3) . However, growth parameters widely differed from those reported for the same species by Hansen et al. (1993) and Hansen (1999) , who reported sampling bias in individuals with longer lifespan. Unfortunately, there are no other studies that we can compare with our results. Regarding gender, the results are scarcely comparable because the other representatives of this genus (i.e., S. sprattus, S. antipodum, S. bassensis, and S. muelleri) have much lower body sizes (Whitehead, 1989) . On the coast of Chile, the growth parameters of S. fuegensis in the current study fall within the range of those reported for other small pelagic fish, such as sardine (Cubillos et al., 2002) and anchovy (Canales & Leal, 2009) .
The estimated growth parameters acquired through modal decomposition of the length frequencies were similar to those obtained by reading otoliths, except for the mean length obtained at age 3. This difference may be because the MIX model only reproduces the first three ages, unlike the otolith reading that allowed determination up to 6 years. The similarity, especially in mean length at ages 1 and 2, indicates that age determinations obtained from otoliths are reliable. These results are also comparable to the estimations reported by Cubillos & Arancibia (1993) for sardine and anchovy off Talcahuano using the ELEFAN program.
The estimation of natural mortality obtained in the present study was close to the upper limit of the range reported for the species in the Atlantic ocean (0.59 to 0.93 yr -1 ) and coincided with that reported by Cubillos et al. (2002) for the common sardine (1.0 yr -1 ). The apparent similarity of these results may be linked to the proximity in the estimation of growth parameters between different studies. Thus, the Patagonian sprat shows a pattern of growth and natural mortality characteristic of small pelagic fishes and can be classified as a fast-growing species with a short lifespan.
It is important to note that growth models also showed a common problem associated with almost all growth studies in small pelagic fishes, where the model fit depended on reliable estimations of t0, which should be close to zero. This was also described by Canales & Leal (2009) for anchovy of north-central Chile. These authors corrected the parameter t0 using the approach reported by Lopez-Veiga (1979) , which used the length at hatching as a deterministic t0 value to fit the VB model. However, an alternative approach to increase reliability in VB would be to expand the range of ageat-length data by including pre-recruits and recruits from age zero in the analysis. This would more accurately represent the growth patterns for the lower portion of the VB curve, associated with young-of-the year fish.
The results of this study represent a contribution to understanding the life history traits of the Patagonian sprat in Chilean waters. However, future studies need to address new issues, such as age validation and growth patterns of pre-recruits, to obtain a better picture and improve the understanding of the production and mortality rates of this species.
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